A Monte Carlo method for detection of runaway OB stars from observational data is proposed. 61 runaway OB star candidates have been detected by an analysis of Hipparcos proper motions. The peculiar tangential and total transverse velocities have been determined for these stars. A list of the detected runaway star candidates is presented. The evidence of a discrepancy between photometric and parallactic distances of runaway OB star candidates is presented.
Introduction
Runaway OB stars are a subset of OB stars which have high spatial velocities (i.e. velocities corrected for solar motion and differential rotation of the Galaxy), exceeding a certain limit and reaching up to 200 km s −1 . These stars are characterized by an almost complete absence of duplicity and multiplicity (Blaauw 1993) .
Over forty years ago, Blaauw (1961) discovered 19 OB runaway stars. He took as definition of a runaway a peculiar velocity exceeding 40 km s −1 . Some of the velocity vectors of the detected runaways point back to their presumed birthplace in young open clusters and OB associations. The research of runaway stars was considerably extended by Gies & Bolton (1986) and Gies (1987) . On the basis of the Hipparcos proper motions a subset of O and Wolf-Rayet stars has been investigated and 9 O-type and 5 WR runaway stars have been detected, some of which were not previously recognized as runaways (Moffat et al. 1997 (Moffat et al. , 1998 .
Today there are two plausible theories on the origin of OB runaways. The first theory is the binary-supernova scenario (Blaauw 1961) , postulating the high-velocity release of the initially less massive component of an OB binary as a consequence of the supernova explosion of the primary component. The binary scenario can also lead to acceleration of the SN remnant NS/BH if the system separates (see Vanbeveren et al. 1998 , and references therein). The second theory is the cluster ejection scenario (Poveda et al. 1967; Leonard & Dunkan 1988 , 1990 , where a star is ejected via dynamic interaction between stars in a young, compact cluster. It is accepted that both theories may be valid (Moffat et al. 1997 (Moffat et al. , 1998 . If a massive star becomes runaway due to cluster ejection and its age a is maximum a few million years, the remains of the dense cluster somewhere along the kinematic path of the runaway should still be observable (Vanbeveren et al. 1998; Hoogerwerf et al. 2001) .
Previous statistical searches of the runaway OB stars have been mainly based on spatial or radial velocity data. The examination of the Hipparcos proper motions of OB stars has given us the possibility to detect new runaways. It is interesting to compare the kinematical properties obtained from proper motions of OB stars -progenitors of pulsars -with the kinematical properties of pulsars, since kinematical properties of pulsars are obtained mainly from proper motion data. While examining the proper motion data we have considered stars located within a 2 kpc (from the Sun) cylinder, with the axis along the z-direction, assuming that within this area the rotational curve of the Galaxy is well established and our sample of the OB stars is representative.
Estimation of the peculiar tangential velocities and errors in peculiar tangential velocities
The Hipparcos mission has enabled us to measure proper motions with high accuracy for about 120 000 stars. The statistical analysis based on the proper motion data of the Hipparcos for 66 known runaway O-type stars from the list of Cruz-Gonzales et al. (1974) and for the 67 WR stars was accomplished in the papers (Moffat et al. 1997 (Moffat et al. , 1998 The selection of OB stars in the Hipparcos catalogue is nearly complete up to V = 10 mag and we can suppose that the sample of OB stars from the 2 kpc cylinder is representative. To detect runaway stars from the proper motion data we have used a method based on the approach worked out in the papers (see Moffat et al. 1997 Moffat et al. , 1998 , and references therein). It is known that the tangential velocity of a star is related to the proper motion by the equation
where K = 4.740. Runaways must satisfy the selection criterion:
where (v t ) pec is a computed tangential component of peculiar velocity, and σ (v t ) pec is its standard deviation. The base value of 42 km s −1 is consistent with a criterion based only on the radial velocity data above 30 km s −1 (e.g. Cruz-Gonzales et al. 1974), i.e. allowing for a factor √ 2 for two components of velocity (v t ) pec . To obtain the peculiar tangential velocities we have calculated proper motion components µ l and µ b in the Galactic coordinate system:
where ψ -the parallactic angle is obtained from: • 85948, and δ G = 27.
• 12825 -coordinates of the Galactic pole for epoch 1991.25 recommended by the Hipparcos consortium. The observed tangential velocities v lt = Krµ l and v bt = Krµ b can be expressed as:
where basic solar motion
where U , V , W = 9, 11, 6 km s −1 . Galactic rotation is expressed as:
for distance from the Sun r in kpc with
A flat rotation for galactocentric distances (in kpc) 3 ≤ R ≤ 18,
R is adopted and
, where z = r| sin b| is the distance perpendicular to the Galactic plane, the solar galactocentric distance R 0 = 8.5 kpc and circular Galactic rotational velocity V 0 = 220 km s −1 . For the O-type stars we have used the photometric distances from the catalogue (Cruz-Gonzales et al. 1974) . For the B-type stars we have calculated photometric distances from the equation:
where V is the Hipparcos magnitude transformed into the V band, M v is the absolute magnitude, and A v is the interstellar extinction calculated from the equation:
where (B−V) and (B−V) 0 are the observed and intrinsic colors respectively. For B-type stars the values of M v and (B−V) 0 were taken from (Deutschman et al. 1976) . Finally, for the peculiar tangential velocity we have
where (v lt ) pec and (v bt ) pec are derived from Eqs. (7) and (8), and for the total transverse velocity
where µ = µ 2 α + µ 2 δ . Errors in peculiar tangential velocities can be calculated using error propagation in all the observed quantities, which is assumed independent. 30% uncertainty in the photometric distances, corresponding to 0.7 mag rms error in distance modulus is due to cosmic scatter in M v for single OB star (Moffat et al. 1997 (Moffat et al. , 1998 Mdzinarishvili 2004 ). According to Moffat et al. (1997 Moffat et al. ( , 1998 while estimating the errors in peculiar tangential velocities some difficulties arise: "...this technique of error calculation works well for relatively small errors: for large errors -as prevail in some cases -this will tend to overestimate the lower error and underestimate the upper error bound. However, for such non-linear functions, there is no standard way to correct for this...". In our opinion this difficulty can be simply overcome as follows.
A Monte Carlo procedure for simulating errors of observed quantities (assuming the error distribution law is Gaussian for µ α and µ δ and log-normal for r) can be applied. For each simulation of µ l , µ b and r we can calculate (v t ) pec according to Eq. (16). After many repetitions of the Monte Carlo procedure we can estimate an expected mean (v) 0 pec , a standard deviation σ (v t ) pec , percentiles of the distribution -(v t ) p pec , etc. (Devore 1995) . For detection of runaway stars, it is more convenient to use percentiles of the distribution instead of the standard deviation since the distribution of (v t ) pec is not Gaussian. Instead of the criterion (2) we propose to use the following criterion
Letter to the Editor where (v t ) p pec is, say, the 10th percentile of the distribution of (v t ) pec . In this case, if the criterion is satisfied, we are sure at about the 90% confidence level that a runaway star has a velocity over 42 km s −1 . It should be noted that the Monte Carlo method can be used for detection of runaway OB stars from radial velocities as well.
Discussion and conclusions
The results of our calculations are given in Table 1 . The designations in Table 1 are as follows: HIP is the Hipparcos number of a star, HD/BD is the HD or BD number, Sp. type is the spectral type of a star, (v t ) pec is the calculated peculiar tangential velocity, v tr is the calculated value of the total transverse velocity of a star, (v t ) * pec is the calculated peculiar tangential velocity according to the distance estimates of the Hipparcos precise parallax data. As seen from Table 1 , 61 runaway OB star candidates have been detected. The eight stars: HD 34078, HD 41997, HD 116852, HD 214930, HD 149363, HD 19374, HD 38666, and HD 86606 were recognized as runaways earlier by Blaauw (1961) , Moffat et al. (1997 Moffat et al. ( , 1998 and Hoogerwerf et al. (2001) . The rest of stars from our list are recognized as runaway candidates for the first time.
Mdzinarishvili (2004) limit from the Sun. It was confirmed that 7 stars were recognized earlier as runaways by Moffat et al. (1997 Moffat et al. ( , 1998 . Two stars: CD-4911137 and HD 168941 were classified by them as O-type stars in their list of runaways while in the HIPPARCOS catalogue they were classified as B-type stars. In that case calculations show that they should not be runaways. Using photometric distances for OB stars we assume that there is no systematic error in the distance scale and we have only random errors with known relative uncertainties (about 30%). In our sample of the detected probable runaways in the Hipparcos catalogue only 28 stars have distance estimates with relative uncertainties less than 50%. Table 2 shows that in all cases parallactic distances are less than photometric ones and this discrepancy should be systematic. For that reason peculiar velocities were recalculated using the Hipparcos distance estimates. The calculated values of (v t ) * pec are given in Table 1 .
The designations in Table 2 are as follows: HIP is the Hipparcos number of a star, r is the photometric distance calculated according to Eq. (14) , r * is the distance calculated from the Hipparcos parallactic data with relative uncertainties less than 50%.
As seen from Table 1 shows that the very high peculiar velocities which are calculated for some stars (i.g. for HD 205805 (v t ) pec = 935.12 km s −1 ) should be caused by the errors in the photometric distance scale. It should be noted that very high peculiar velocities of some pulsars (see Lyne & Graham-Smith 1998 , and references therein) can analogously be the result of errors in distance scale which depends on the accepted model for the Galactic distribution of free electrons.
The detected discrepancy between photometric and parallactic distances makes it questionable to use photometric distances in the study of OB stars space distribution and kinematics. That point needs further investigation.
In study of pulsar kinematics, the total transverse velocities are often used instead of the peculiar transverse velocities.
In that case it is accepted that the influence of the basic solar motion and the Galactic differential rotation is negligible against the high peculiar velocities of pulsars (see Lyne & Graham-Smith 1998 , and references therein). As seen from Table 1 the values of (v t ) pec and v tr are considerably different in some cases. In our opinion, it is preferable to use (v t ) pec instead of v tr in statistical studies.
We believe that detected runaway OB candidates with Hipparcos can be used in further investigations on the origin and evolution of OB runaways in the Galaxy.
